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Integrin b6-Deficient Mice Show Enhanced
Keratinocyte Proliferation and Retarded Hair Follicle
Regression after Depilation
Yanshuang Xie1,2, Kevin J. McElwee3, Gethin R. Owen1, Lari Ha¨kkinen1 and Hannu S. Larjava1
Integrin avb6 is an epithelial-specific receptor that binds and activates latent transforming growth factor-b1
(TGF-b1). TGF-b1 has been implicated as an endogenous inducer of hair follicle (HF) regression during hair
cycling. We hypothesized that avb6 integrin–mediated TGF-b1 signaling regulates hair regeneration and HF
involution. In wild-type (WT) mice, the expression of integrin avb6 was strongly upregulated in the outer root
sheath (ORS) during early hair regeneration, and was specifically enhanced in the HF bulge region. Expression
gradually decreased in late anagen and remained restricted to the bulge region in the catagen and telogen stage
HFs. The first spontaneous hair cycle was not altered in b6 integrin knockout (b6/) mice. However, after
depilation, b6/ mice exhibited retarded HF regression compared with WT controls. b6/ follicles contained
significantly higher numbers of proliferating Ki67-positive keratinocytes than WT follicles at an identical cycle
stage. The b6/ follicles also demonstrated significantly reduced levels of TGF-b1 expression and Smad2
phosphorylation during early anagen and anagen–catagen transition. Our study indicates that avb6 integrin has
an important inhibitory role in keratinocyte proliferation in both HFs and interfollicular epidermis. Thus,
downregulated TGF-b1 signaling in b6/ mice may affect bulge niche stem cell behavior.
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INTRODUCTION
Hair follicles (HFs) are mini organs that constantly renew
themselves throughout adult life, and are an important model
for organ regeneration. HFs continuously cycle through
anagen (growth), catagen (involution), and telogen (resting)
phases. This process depends on the epidermal stem cell (ESC)
population residing in a region of the HF outer root sheath
(ORS), located below sebaceous gland (SG) and the insertion
point of the arrector pili muscle level, termed the ‘‘bulge’’
(Cotsarelis et al., 1990). Accumulated evidence has confirmed
that the bulge is the repository of multipotent ESCs in skin.
ESCs maintain the capability of self-renewal and multilineage
differentiation. Thus, the bulge cells are important for HF and
interfollicular epidermis (IFE) regeneration (Ito et al., 2005).
The activity and fate of the bulge cells is regulated by the
surrounding microenvironment, or niche (Moore KA, 2006).
For instance, during skin wound healing, the bulge ESCs are
activated to proliferate and migrate to participate in the
reepithelialization of the wound (Ito et al., 2005). In
unwounded skin, however, the bulge ESCs are slow cycling
and express elevated transcripts encoding cell cycle regula-
tory proteins, and particularly keratinocyte growth inhibitors
involved in transforming growth factor-b (TGF-b) signaling.
Among them, latent TGF-b-binding protein-1, which is
required for latent TGF-b sequestration and activation, is
selectively and strongly localized to the bulge (Tumbar et al.,
2004). Activated downstream TGF-b signaling targets are also
upregulated in the cells residing in the same area. For
example, a more prevalent phosphorylated Smad2 immuno-
reactivity, indicative of a higher level of TGF-b activation, has
been observed in the bulge cells (Tumbar et al., 2004).
Moreover, TGF-b1 has also been implicated as an endogen-
ous inducer of HF regression in vivo. TGF-b1/ mice
showed an enhanced keratinocyte proliferation in HF, and
injection of TGF-b1 into the back skin of wild-type (WT) mice
induces premature hair regression (Foitzik et al., 2000). Thus,
factors that regulate TGF-b activity in the bulge may have a
key role in regulating bulge cell behavior in HF and skin
regeneration.
Integrin avb6 is an epithelial cell–specific receptor and
recognizes a tripeptide amino-acid sequence arginine–
glycine–aspartate acid (RGD motif) in its ligands, which
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includes fibronectin, tenascin-C, vitronectin, and the latency-
associated peptide of TGF-b1 and TGF-b3. In addition to
mediating cellular adhesion to these extracellular matrix
proteins, avb6 binds and activates latent TGF-b1 (Munger
et al., 1999). TGF-b activation by integrins has an important
role in vivo, as the absence of integrin-mediated TGF-b1
activation recapitulates the abnormalities of TGF-b1-null
mice (Yang et al., 2007). In addition, avb6 integrin–depen-
dent activation of TGF-b1 is pivotal in mouse models of TGF-
b1-dependent fibrosis in various epithelial organs, including
the lung (Horan et al., 2008), kidney (Hahm et al., 2007), and
liver (Patsenker et al., 2008). Thus, this mechanism of TGF-b
activation may be of general importance in tissues that
express avb6 integrin. Interestingly, b6 integrin mRNA is
strongly and specifically upregulated in the HF bulge cells
after wounding (Tumbar et al., 2004), suggesting that it may
be an important regulator of TGF-b signaling in these cells
and may control HF and IFE regeneration. Our recent findings
also support this notion. In a compromised wound healing
model, b6 integrin knockout (b6/) mice exhibited acceler-
ated wound repair and increased numbers of proliferating
keratinocytes in the wound epithelium, especially in the HFs
surrounding the wounded skin compared with (WT controls
(Xie et al., 2009). Therefore, in this study, we hypothesized
that avb6 integrin regulates TGF-b1 signaling in hair
regeneration and the HF involution processes. To this end,
we used a well-established depilation-induced hair cycling
model (Muller-Rover et al., 2001) to trigger hair regeneration
in both WT and b6/ mice. Our data show that the absence
of b6 integrin leads to enhanced keratinocyte proliferation
and retarded HF regression, and this was associated with
reduced TGF-b1 expression and activation. Moreover, our
data indicate that the bulge cells express high levels of b6
integrin at the early anagen stage of hair cycle, whereas its
expression is significantly decreased during catagen and
telogen stages. Thus, avb6 integrin can be used as a specific
cell surface marker for the activation stage of the bulge SCs.
RESULTS
The abundance of b6 integrin was strongly upregulated during
hair regeneration in WT HFs, and its expression was hair cycle
stage dependent
Mouse model of depilation-induced hair cycling was used to
induce a ‘‘wound healing’’ response of the HFs to the
plucking trauma. This microwounding-induced hair cycle is
fully synchronized over the entire area of depilation and
proceeds to different stages of the hair cycle in a predictable
time scale (Muller-Rover et al., 2001). To delineate the spatial
and temporal expression of b6 integrin in regenerating HFs,
b6 integrin was detected at different time points before and
after depilation by immunostaining. The b6/ mice showed
a complete lack of staining for b6 integrin in all specimens
examined (data not shown). In the WT mice, keratinocytes in
the intact epidermis did not express b6 integrin before
depilation. However, some expression in the HFs was
noted (Figure 1a), localized on the cell membrane of ORS
keratinocytes below the SG. After depilation, b6 integrin–
positive staining was detected in both the basal layer of the
IFE and the ORS of the HFs. A relatively higher expression of
b6 integrin in the HF than in the basal layer of the IFE was
noted. The level of b6 integrin was rapidly upregulated
during early anagen development. At day 8, although exten-
ded to the lower ORS, a relatively higher intensity of b6
integrin staining was noted in the ORS below SG compared
with the other regions of the ORS (Figure 1b). The level of b6
integrin gradually decreased thereafter. Immunoreactivity for
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Figure 1. The abundance of avb6 integrin was strongly upregulated during hair regeneration in wild-type (WT) hair follicles (HFs), and its expression was hair
cycle dependent. (a) Immunoreactivity for b6 integrin was constitutively present in the HFs in the day 0 nonwounded skin of the WT mice. (b) Expression of
b6 was analyzed in WT mice in regenerating HFs at defined stages of the hair cycle by immunohistochemistry. Bar¼ 100 mm. (a, b) The high-magnification
images of the boxed area are shown in a and b. Arrowheads indicate the b6 integrin–positive keratinocytes in the outer root sheath (ORS) of the HFs;
arrows indicate nonspecific staining at the sebaceous glands (SGs). (c) Semiquantitative presentation of spatial and temporal expression pattern of avb6
during the hair cycle.
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b6 integrin was restricted to the bulge area in the following
catagen and telogen stages.
b6/ mice exhibited significantly accelerated skin thickness
increase during early anagen development
To test whether b6 has a role during hair regeneration after
depilation, the hair cycle stages were assessed between WT
and b6/ mice. Before depilation, both WT and b6/ HFs
stayed in the telogen stage of the hair cycle (data not shown).
In early anagen (days 3 and 5), b6/ mice showed increased
skin thickness compared with WT controls (Figure 2).
Quantitative analysis indicated that the epidermis and dermis
in b6/ mice were significantly thicker than those in WT
mice at day 3 post depilation (p.d.; Po0.05). In addition, 4,6-
diamidino-2-phenylindole (DAPI) staining showed signifi-
cantly higher numbers of cell nuclei in b6/ skin compared
with WT controls at day 3 p.d. (Supplementary Figure S1
online). b6/ follicles also exhibited morphological
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Figure 2. b6/ mice show significantly accelerated skin thickness increase during early anagen, and retarded hair regression during catagen development.
(a) Frozen sections of wild-type (WT) and b6 integrin knockout (b6/) mouse back skin were stained with hematoxylin and eosin (H&E). D, dermis;
E, epidermis. Bars¼200 mm. Quantification of the thickness of the (b) epidermis or (c) dermis (n¼ 3; Student’s t-test; *Po0.05; **Po0.01; error bars represent
SD). (d) Catagen development was compared at day 18 post depilation (p.d.) by quantitative histomorphometry (n¼5 mice per group; Student’s t-test;
*Po0.05; **Po0.01; ***Po0.001; error bars represent SD). In the x axis: Early cat, catagen II–III; Mid cat, catagen IV–V; Late cat, catagen VI–VIII.
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alterations during the highly proliferating early anagen stage
after depilation (days 3 and 5); however, the lower part of the
follicles still proceeded to anagen IIIa at day 5 after depilation
(Supplementary Figures S2 and S3 online). At day 8 after
depilation, both b6/ and WT HFs entered anagen VI with
the tip of the hair shaft emerging through the epidermis
(Supplementary Figure S4 online). HF density was analyzed
at days 0 and 8, and showed that there was no significant
difference between WT and b6/ mice (data not shown). To
assess basement membrane regeneration, type IV collagen,
laminin-1 (laminin-111), and laminin-5 (laminin-332) were
localized. At day 8, both WT and b6/ mice showed
continuous, linear, and well-defined type IV collagen,
laminin-1, and laminin-5 staining at the basement membrane
zone of the IFE and in the hyaline membrane zone of the HFs
(Supplementary Figure S5 online). No differences in base-
ment membrane regeneration between WT and b6/ mice
were noted. To assess whether there are compensatory
changes in other major integrins in keratinocytes in b6/
mice, we compared staining intensity and localization of b1
integrins in b6/ and WT mouse skin. Results showed no
significant differences in either abundance or localization of
b1 integrin in these mice (Supplementary Figure S6 online). In
addition, we analyzed the spontaneous hair cycle in the
newborn WT and b6/ mice. There was no significant
difference in catagen development in the spontaneous hair
growth cycle of the b6/ mice compared with WT controls
(Supplementary Figure S7 online).
Deletion of avb6 integrin causes retardation of hair regression
To determine whether the knockout of b6 integrin exerts an
effect on the hair regression process, catagen development
was examined by quantitative histomorphometry at day 18
p.d. in b6/ mice and WT controls. At day 18 p.d., 44% WT
HFs were in early catagen stage (catagen II–III), 40% in mid
catagen stage (catagen IV–V), whereas 54% b6/ HFs
remained in an anagen stage (anagen VI) and only 30%
were in the early catagen stage (Figure 2d). Our results
indicated a significantly delayed hair regression in b6/
mice compared with WT controls. At day 20, most b6/ HFs
had entered a catagen stage, whereas HFs of WT mice had
already progressed through the late catagen into the
subsequent telogen phase (Figure 2a).
b6/ mice contained significantly higher numbers of
proliferating keratinocytes in the IFE and HFs than WT controls
at an identical hair growth cycle stage
Having established an accelerated skin thickness increase
and significantly higher numbers of DAPI-positive cell nuclei
in the b6/ skin, we investigated whether the observed
differences in b6/ mice is due to alteration in cell
proliferation. Keratinocyte proliferation during hair regenera-
tion was assessed by immunohistochemistry for the prolifer-
ating cell marker Ki67 in WT and b6/ HFs at different time
points. Before depilation, there were no significant differ-
ences in the numbers of Ki67-positive cells between WT
and b6/ mice. After depilation, a notable increase in the
number of proliferating keratinocytes was noted in both WT
and b6/ skin compared with the day 0 normal skin.
Immunoreaction for Ki67 localized mainly in the cell nuclei
of the basal keratinocytes of the IFE, keratinocytes in the ORS,
and hair matrix of the regenerating HFs (Figure 3a).
During early anagen development, b6/ mice displayed
significantly higher numbers of Ki67-positive keratinocytes in
the basal layer of the IFE and HFs than comparable WT mice
(Figure 3b and c; Supplementary Figure S8 online). In IFE, the
hyperproliferative phenotype of b6/ skin was characterized
by localization of the Ki67-positive proliferating keratino-
cytes in the basal and several suprabasal cell layers (Figure 3).
In contrast, proliferating keratinocytes were mainly detected
in the basal layer of the IFE in WT mice. Thus, b6 integrin
deficiency enhances keratinocyte proliferation after depila-
tion-induced hair regeneration. In addition, quantification of
the relative staining intensity of b6 integrin and Ki67 in
different ORS areas of HFs showed that at day 8 the upper
ORS part with the highest b6 integrin abundance showed the
least number of Ki67-positive keratinocyte nuclei (Supple-
mentary Figure S9 online).
Deletion of avb6 integrin leads to reduced TGF-b1 levels during
hair regeneration
To determine whether the hyperproliferative phenotype and
delayed hair regression in b6/ mouse skin was associated
with an altered TGF-b1 expression, the level of total TGF-b1
was quantified at different time points p.d. in the WT and
b6/ mice by immunofluorescence staining followed by
image analysis (Figure 4a and b). Before depilation, TGF-b1
was detected in the cell membrane of the basal keratinocytes
of the IFE but not in the telogen HFs. The expression and
distribution of TGF-b1 showed no significant difference at
day 0 between WT and b6/ mice. After depilation, the
expression of TGF-b1 was remarkably elevated in both WT
and b6/ skin compared with the day 0 normal skin. During
anagen development in WT mice, TGF-b1 was detected in
the basal layer of the IFE and the upper ORS that was
immediately continuous with the basal layer. b6/ mice
showed a lower intensity of TGF-b1 immunostaining in the
IFE and occasional distribution in the upper ORS. Its
maximum staining intensity was detected around day 18 in
WT mice, with extended distribution from IFE to ORS of HF.
In contrast, TGF-b1 was restricted to the basal layer of IFE in
b6/ mice. Quantitative analysis of immunofluorescence
showed significantly reduced levels of TGF-b1 during early
anagen and the anagen–catagen transition in b6/ mice
compared with WT controls. The abundance of TGF-b1 was
also analyzed by western blot (Figure 4c and d). The results
showed that the level of TGF-b1 was notably upregulated in
both WT and b6/ skin after depilation. However, WT mice
showed a significantly higher level of TGF-b1 expression at
days 3, 8, and 18 p.d. compared with b6/ mice. Our data
showed that there were two expression peaks of TGF-b1
during hair regeneration in WT mice. The first peak appeared
at the beginning of hair regeneration (day 3). The second
peak appeared when WT HFs were at the anagen–catagen
transition (day 18) and showed the highest relative TGF-b1
levels with the extended distribution from IFE to ORS of the
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HF in the WT mice. b6/ mice, however, displayed a loss of
the second peak during the anagen–catagen transition.
TGF-b1 activation is reduced in b6/ skin during hair
regeneration
To determine whether the level of TGF-b1 activation is
altered in b6/ skin p.d., we analyzed phospho-Smad2
levels as an indirect measurement of TGF-b1 activation.
Positive immunostaining for phospho-Smad2 was detected in
the cell nuclei in both the IFE and HFs in WT as well as b6/
mice (Figure 5), suggesting that avb6-independent mechan-
isms for the activation of TGF-b1 also exist in the depilated
skin of the b6/ mice. Before depilation, immunostaining of
phospho-Smad2 showed no significant difference between
WT and b6/ skin. After depilation, b6/ mice displayed
significantly reduced levels of phospho-Smad2 in HFs and the
IFE during the early anagen (day 3) and the anagen–catagen
transition compared with WT controls (day 18). Consistent
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Figure 3. The b6 integrin knockout (b6/) mice contained significantly higher numbers of proliferating keratinocytes in interfollicular epidermis and
hair follicles (HFs) than wild-type (WT) controls at an identical hair growth cycle stage. (a) Keratinocyte proliferation was assessed by immunohistochemistry
of the proliferating cell marker Ki67 at different time points in WT and b6/ mice. E, epithelium. Arrows indicate the Ki67-positive cell nuclei.
Bar¼200 mm. Quantification of the Ki67-positive keratinocytes showed a significant increase in b6/ (b) interfollicular epidermis (IFE) and (c) HFs
compared with WT controls during early anagen development. Five representative high-power fields (HPFs, 200 magnification) per time point per
mouse were counted (n¼ 3; Student’s t-test; *Po0.05; **Po0.01; error bars represent SD).
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with the immunostaining data, western blot results showed
that the level of phospho-Smad2 and total-Smad2 was
upregulated in both WT and b6/ skin after depilation
(Figure 5c–e). The expression of phospho-Smad2 and total-
Smad2 peaked at the anagen–catagen transition (day 18) in
WT mice. In contrast, b6/ mice showed a significantly
lower level of phospho-Smad2 expression at days 3, 8, and
18 p.d. compared with WT mice. The total-Smad2 showed a
similar expression trend in WT and b6/ mice, but with a
lower relative expression between WT and b6/ mice. It
needs to be kept in mind that the samples for western blot
analysis represent the entire tissue, rather than the epidermis
alone. Therefore, future studies with laser microdissection of
the epidermis and using proper loading controls are required
to confirm these observations.
DISCUSSION
In this study, we showed that loss of avb6 led to an enhanced
keratinocyte proliferation and retarded HF regression in a
standardized mouse model of depilation-induced hair regen-
eration. To our knowledge, it is previously unreported that avb6
is an important functional component in HF regeneration upon
wounding, probably via the modulation of the ESC behavior.
These observations are in agreement with our previous
studies that indicated an accelerated wound repair and
increased numbers of proliferating keratinocytes in the HFs
surrounding the wounded skin in the b6/ mice compared
with WT controls in a compromised wound healing model
(Xie et al., 2009). Using a b6 integrin-specific antibody, we
identified intense membrane staining in keratinocytes, which
is strongly and specifically enhanced in the bulge region of
the early anagen HF. Consistent with our data, gene profiling
analysis has indicated that b6 transcripts were among the
genes involved in TGF-b pathway that were strongly and
selectively upregulated in the bulge cells (Tumbar et al.,
2004). Similarly, a recent study has identified the avb6
integrin-positive SCs in human oral squamous cell carcinoma
(Dang and Ramos, 2009).
Our study demonstrates that the expression and distribu-
tion of avb6 was not only different between the epidermis
and HFs, but also distinct within HFs themselves (Figure 1c).
In the intact epidermis of nonwounded skin in WT mice,
keratinocytes did not express avb6, which is consistent with
previous studies (Larjava et al., 1993; Breuss et al., 1995).
Data from this are also consistent with our previous study
demonstrating low level of constitutive b6 integrin expression
in the ORS below the SG in the HFs of the nonwounded skin
(Xie et al., 2009). In the depilation-induced hair regeneration
model, a rapid upregulation of b6 integrin expression was
observed in early anagen HFs, especially in the bulge area.
The expression of b6 is only upregulated at a high level in the
rapidly growing early anagen HFs, but exhibited a remark-
able decrease in late anagen and was restricted to the bulge
area in the following catagen and telogen stage HFs.
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Figure 4. Deficiency of avb6 integrin leads to reduced transforming growth factor-b1 (TGF-b1) levels during hair regeneration. (a) The abundance and
distribution of TGF-b1 was studied by immunofluorescence staining in wild-type (WT) and b6 integrin knockout (b6/) mouse skin before and after depilation.
Shown is immunofluorescence of TGF-b1 antibody (green) and 4,6-diamidino-2-phenylindole (DAPI; blue). Arrowheads denote hair shaft autofluorescence.
Bar¼100 mm. (b) TGF-b1 score showed significantly reduced levels of total TGF-b1 during the early anagen (day 3) and the anagen–catagen transition
(day 18) in b6/ mice (n¼ 3; Student’s t-test; **Po0.01; error bars represent SD). (c) The expression of TGF-b1 was analyzed by western blotting.
(d) Quantification of the relative expression of TGF-b1 (n¼ 3; Student’s t- test; *Po0.05; **Po0.01; error bars represent SD).
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In our previous (Xie et al., 2009) and present mouse
wound healing models, HFs always present a higher level of
b6 than the basal layer of the IFE in response to wounding. As
a reservoir of ESCs, the higher levels of b6 expression in
rapidly growing early anagen HFs may suggest higher
activation levels of HF SCs that change their biochemistry,
exit the niche, migrate, and proliferate to regenerate HFs and
the IFE. Although it is generally believed that ESCs are
restricted to both the ORS of the HF bulge and basal layer of
the IFE, substantial evidence supports the idea that SCs in the
IFE are less potent than bulge SCs (Alonso and Fuchs, 2003).
In addition, only a small fraction of ESCs were discovered in
the basal layer of the IFE, whereas the majority of the ESCs
reside in the HF bulge (Cotsarelis et al., 1990; Alonso and
Fuchs, 2003). Thus, the constitutional expression of avb6 at a
low level in the bulge area of telogen HFs in normal skin
suggests that a small number of ESCs retain an active status.
As a result, although generally quiescent, bulge cells can
promptly respond to wound stimuli upon injury.
Our results indicate that the observed alterations in the
b6/ mice resulted from an enhanced keratinocyte pro-
liferation in the IFE and HFs (Supplementary Figure S10
online). This is likely linked to a reduced avb6 integrin-
mediated activation of TGF-b1. TGF-b1 is a well-established
inhibitor of epithelial cell proliferation. Loss of TGF-b1 in skin
and skin tumors is associated with hyperproliferation of basal
epithelial cells (Glick et al., 1993). Transgenic mice expres-
sing a dominant-negative TGF-b type II receptor also show
epidermal hyperproliferation (Wang et al., 1997). Further-
more, overexpression of TGF-b1 in the epidermis of
transgenic mice leads to the inhibition of normal skin
development and suppression of epithelial cell proliferation
(Sellheyer et al., 1993). Additional evidence has shown that
Smad3 functions to inhibit reepithelialization after wounding,
specifically via effects on keratinocyte proliferation (Ashcroft
et al., 1999). Inhibition of epithelial cell proliferation by
TGF-b1 involves downregulation of c-Myc, leading to the
upregulation of cyclin-dependent kinase inhibitors p15, p21,
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Figure 5. Transforming growth factor-b1 (TGF-b1) activation is reduced in b6 integrin knockout (b6/) mouse skin compared with wild-type (WT) mouse
skin during hair regeneration. (a) Phosphorylated Smad2 (P-Smad2) was detected by immunohistochemistry in WT and b6/ mouse skin before and after
depilation. Arrows indicate the P-Smad2 positively stained cell nuclei. Bar¼ 100mm. (b) Quantification of phospho-Smad2-positive keratinocytes. Five
representative high-power fields (HPFs,  200 magnification) per time point per mouse were counted (n¼3; Student’s t-test; *Po0.05; **Po0.01;
error bars represent SD). (c) The expression of P-Smad2 and total Smad2 (T-Smad2) was analyzed by western blotting. Quantification of the relative expression
of (d) P-Smad2 and (e) T-Smad2 (n¼3; Student’s t-test; *Po0.05; **Po0.01; error bars represent SD).
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and p27, which inhibit the CDK4/6-cyclin D and CDK2-
cyclin E–mediated phosphorylation of the retinoblastoma
protein (Massague et al., 2000). Consistent with our findings
in the b6/mice, TGF-b1/mice display a delayed catagen
development and increased Ki67-positive cells in HFs than
comparable WT HFs. In contrast, TGF-b1 treatment into the
back skin of mice induces premature catagen development,
and the number of proliferating HF keratinocytes is reduced
in TGF-b1-treated mice compared with similarly treated
controls (Foitzik et al., 2000).
Our data indicate a reduced TGF-b1 expression and
activation in b6/ HFs. In WT mice, there were two
expression peaks of TGF-b1 during hair regeneration. The
expression of TGF-b1 reached the maximum level at the
second peak, with extended distribution from IFE to the ORS
of the HFs. This result is consistent with a previous study that
showed that TGF-b1 functioned as an endogenous inducer of
HF regression (Foitzik et al., 2000). b6/ mice, however,
displayed a loss of the second peak during the anagen–cata-
gen transition. As an inhibitor of keratinocyte proliferation,
transcripts involved in the TGF-b signaling were significantly
upregulated in bulge cells (Tumbar et al., 2004), suggest-
ing that TGF-b signaling participates in the ESC activities
in the bulge niche. Thus, loss of b6 may influence ESC
behavior after injury because of the altered TGF-b signaling
in the b6/ bulge niche, and might be associated with the
enhanced keratinocyte proliferation and subsequently retar-
ded hair regression. Consistently, constitutive expression of
avb6 in the epidermis of the transgenic mice leads to the
development of spontaneous chronic ulcers with severe
fibrosis that contain elevated levels of TGF-b1 (Hakkinen
et al., 2004). Therefore, our data suggest a possible link
between TGF-b1 and the observed effects, although other
mechanisms of TGF-b1 activation might also have a role
during the hair regeneration process.
Regulation of cell proliferation and survival are not the
only functions of TGF-b in keratinocytes. For instance, it
may affect epithelial cell migration and invasion, epithelial-
to-mesenchymal transformation, and cancer progression,
reflecting the complexity of the biological functions of this
pathway (Thomas et al., 2006; Bandyopadhyay and Raghavan,
2009).
Interestingly, there is no significant difference in catagen
development in the spontaneous hair growth cycle of the
b6/ mice compared with WT controls (Supplementary
Figure S7 online). This suggests that the observed delayed
hair regression in b6/ mice in the depilation-induced hair
cycle model results from a different wounding response
because of the b6 integrin depletion. The morphologic
alterations were also observed in b6/ HFs (Supplementary
Figures S2 and S3 online), but only during early anagen
development after depilation. This may be a result of the
hyperproliferative phenotype upon wounding due to the b6
integrin deficiency. At day 8 after depilation, the tip of the
hair shaft emerged through the epidermis in both WT and
b6/ mice, suggesting that b6/ HFs can still repair and
regenerate themselves to a normal hair follicle structure with
time (Supplementary Figure S4 online).
Taken together, our study indicates that avb6 integrin has
an important inhibitory role in keratinocyte proliferation in
both the HFs and IFE after depilation-induced hair regenera-
tion. The downregulated TGF-b1 signaling in b6/mice may
affect bulge SC behavior by modulating the surrounding
microenvironment of the bulge niche after injury, which
suggests a possible manipulation target in the functions of
epidermal stem cells.
MATERIALS AND METHODS
Depilation-induced hair cycle
Female WT FVB mice, 7 weeks old, and age- and sex-matched
b6/ mice with the same genetic background were used in this
study. Hair cycling was induced by depilation in the back skin of
WT and b6/ mice with all dorsal skin HFs in telogen stage of the
hair cycle as described (Muller-Rover et al., 2001). The depilated,
full-thickness skin samples were harvested immediately (day 0), and
at days 1, 2, 3, 5, 8, 10, 12, 17, 18, 19, 20, 21, 22, and 25 p.d.
Normal skin samples in the same area of mouse back were
collected as the control group. The skin biopsies were snap frozen
on dry ice for frozen sectioning or in liquid nitrogen for western blot
analysis and stored at 80 1C until use. Frozen longitudinal HF
sections were prepared. Sections were routinely stained by
hematoxylin and eosin staining. The time point that anagen HFs
regress spontaneously and enter catagen was determined as
described (Muller-Rover et al., 2001). The thickness of epidermis
and dermis in WT and b6/ mice was measured at days 0 and 3,
respectively. In all, 15 such measurements were recorded from 3
animals per group at each time point. Alkaline phosphatase staining
and Oil Red O staining were performed (details are described in
Supplementary Materials and Methods online). All animal studies
were conducted in compliance with the Canadian Council on
Animal Care Guidelines and approved by The University of British
Columbia Animal Care Committee.
Spontaneous hair cycle analysis
Details for spontaneous hair cycle analysis are described in
Supplementary Materials and Methods online.
Histomorphometry
The percentage of HFs in the different hair growth cycle stages was
assessed and calculated at day 18 p.d. in WT and b6/ mice as
described (Muller-Rover et al., 2001). Only every tenth cryosection
was used for analysis to exclude the repetitive evaluation of the same
HF, and 2 to 3 sections were assessed per animal. Together, 100
longitudinal HFs derived from 5 mice (20 longitudinal HFs per
animal) were analyzed and compared with that of a corresponding
number of HFs from the WT controls.
Immunohistochemistry
Details for immunohistochemistry and antibodies used are
described in Supplementary Materials and Methods online. Sections
were treated with appropriate nonimmune serum instead of the
primary antibody as negative controls to rule out nonspecific
immunostaining. In all cases, they showed no positive staining, but
some nonspecific staining was seen in SGs, probably as a result of
the sticky oil residue in the SGs nonspecifically picking up the
antibodies.
554 Journal of Investigative Dermatology (2012), Volume 132
Y Xie et al.
The Function of avb6 Integrin in Depilation-Induced Hair Cycling
Immunofluorescence staining
Details for immunofluorescence staining, quantification of TGF-b1
level, and antibody used are described in Supplementary Materials
and Methods online.
Western blot
Details for protein extraction, western blot analysis, and antibody
used are described in Supplementary Materials and Methods online.
The experiments were conducted three times with similar results
from three mice in each group.
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